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Samenvatting 
In 1997 is een Novem project gestart tussen het Proefstation voor de glastuinbouw te Naaldwijk (he­
den: PPO) en de Technische Universiteit Delft, afdeling Deeltjestechnologie. Doel van dit project was 
het ontwikkelen van een nieuwe toedieningstechniek voor de glastuinbouw. De gebruikte vernevel-
methode voor dit project was de door de vakgroep Deeltjestechnologie ontwikkelde en gemodelleerde 
electrospray techniek. Deze techniek produceert op eenvoudige wijze micrometer druppeltjes met een 
hoge electrische lading. Deze lading zorgt ervoor dat een nevel die wordt verspreid in een kas, zal wor­
den aangetrokken door objecten met een lage potentiaal, d.w.z. objecten die geaard zijn. Die moet ertoe 
leiden, dat een nevel gestuurd kan worden naar het gewas dat moet worden bespoten, zonder er dat 
verspreiding van druppels naar andere plaatsen, zoals bijvoorbeeld de buitenlucht, plaatsvindt. 
Gedurende dit project is er een opstelling gebouwd, waarmee in de kassen van het PPO proeven zijn 
gedaan. Deze proeven zijn uitgevoerd met het doelgewas paprika, waarbij de opstelling langs het ge­
was werd gereden. Om te kunnen meten in hoeverre de druppels op het gewas terecht komen, zijn een 
tweetal methodes gebruikt om dit te verifiëren. 
Ten eerste is er een vergelijking gedaan met conventionele technieken. Een toegevoegde tracer, die 
zichtbaar wordt met UV licht, is toegevoegd aan de vernevelde vloeistof. Bij inspectie van de besproei­
de planten met dit licht kon worden gezien dat er bij de electrospray techniek geen depositie naast het 
gewas had plaatsgevonden, dit in tegenstelling tot de andere technieken. 
Ten tweede is het sproeibeeld van electrospray bladsgewijs bekeken. Hierbij is gebruik gemaakt van 
een image analysis systeem, dat het mogelijk maakt de bedekkingsgraad van de bladeren te berekenen 
door het maken en verwerken van digitale foto's. Deze zeer krachtige techniek laat zien dat de electro­
spray techniek een zeer mooi sproeibeeld geeft. 
Vanuit milieutechnisch oogpunt kunnen nog geen harde cijfers worden gepresenteerd. Het originele 
voorstel suggereert een reductie van 50 tot 75% in het verbruik van pesticiden. Er kan worden gesteld 
dat deze waarden nog steeds gelden. Labschaal experimenten, maar ook het gedane veldexperiment, 
laten alleen depositie zien op de planten en nergens in de omgeving. Massa-fluorescentie metingen 
moeten uitsluitsel geven over de vernevelde hoeveelheid in vergelijking tot de neergeslagen hoeveel­
heid op de bladeren. 
Tijdens het project zijn er regelmatig vergaderingen gehouden, waarbij PPO, TUDelft en de NOVEM 
aanwezig waren. Ook waren hierbij toeleveranciers van pesticiden en ontwikkelaars van vernevel appa­
ratuur present. Er kan worden gesteld dat met name de laatste groep zeer geinteresseerd was in deze 
techniek, maar zich nog niet geroepen voelde deel te nemen aan de verdere ontwikkeling hiervan. Dit 
komt waarschijnlijk door het feit dat deze techniek totaal anders is als alle andere beschikbare tech­
nieken, waardoor economisch gezien het hier om hoge risico's gaat. Eventuele sponsoring voor verdere 
ontwikkeling bleek ook niet mogelijk, waarschijnlijk omdat het hier vaak om kleine bedrijfjes gaat. 
PPO en TUDelft hebben daarom besloten het IMAG te Wageningen bij dit project te betrekken. Het 
IMAG maakt net als het PPO deel uit van Wageningen University and Research en is gespecialiseerd 
in het ontwikkelen van sproeisystemen voor land- en tuinbouw. 
Summary 
In 1997 a NOVEM sponsored project between the Research centre for glasshouse vegetables in 
Naaldwijk (now: PPO) and Delft University of Technology, Particle Technology Group. Goal of this 
project was the development of a new pesticide administering technique for the glasshouse industry. 
The method used in this project was the so called electrospray technique. The Particle Technology 
Group has a long time experience with this technique in both the theoretical and practical field. The 
elctrospray technique produces micrmeter scale droplets with a high electrical charge. This charge is 
favourable, it leads to the attraction of the droplets by anything having a lower potential, i.e. objects 
that are grounded. A mist of those droplets can be directed to any vegetable that has to be treated, with­
out having the loss of pesticide into the environment. 
During this project, a set up was build to do experiments in PPO's glasshouses. These experiments 
were conducted with paprika plants. The set up was build in a way that it could move along the plants. 
To verify the efficacy of the technique, two methods for analysis were used. Firstly a comparison was 
made with conventional spraying techniques. A tracer, visible with UV light, was added to the liquid to 
be sprayed. Inspection of the plants after spraying showed that the electrospray technique only leads to 
deposition on the plants, instead of the results of the other techniques. 
Secondly, the spray pattern on leaf scale was investigated. An image analysis system, used for these 
measurements, makes it possible to calculate the coverage of the leaves by acquisition of digital im­
ages. This powerful technique shows that electrospray yields a nice deposition pattern on the leaves. 
From an environmenal perspective until now no hard statements can be made. The proposal suggest a 
reduction of pesticides used can be 50 to 75 %. It can be stated that these values are still valid. Small 
scale experiments show spreaded patterns of droplets on the leaves, while the surrounding remains un­
polluted. The attraction between droplet and leaf is that strong that there is no way out form the drop­
lets. Mass-fluorescence measurements will proof that the amount sprayed will be totally deposited on 
the leaves. 
During the project, regularely meetings were held. During these meeting, people from NOVEM, PPO 
and TUDelft as well as people from pesticide industry and spray development industry attended. It can 
be said that the latter groups were highly interested in this new development, but that at the moment 
any investment form especially hardware developers is not within reach. This is mainly due to the fact 
that the technique presented is totally different from any technique developed before. From an eco­
nomic perspective it can be seen as a high risk investment. Possibly sponsorships for further develop­
ment was also not possible, as these companies are rather small. Therefor, PPO and TUDelft are will­
ing to start a cooperation with IMAG, which is like PPO also part of Wageningen University and Re­
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3 Introduction 
This chapter contains an introduction into the project. It is divided into several parts, 
starting with the reason of this project followed by the summarized proposal done. 
3.1 Motivitation for the project 
In the Netherlands, glasshouse industry plays a major role in the yearly export turnover. 
Both vegetables and flowers are produced and sold. Quality due to knowledge makes the 
products valuable and beloved every where over the world. 
To raise the vegetables and flowers in glasshouses, one has to able to control any disease 
of plague that can occur. Both chemical and natural methods are used nowadays to pre­
vent or fight the different diseases that can occur. Although natural methods are preferra-
ble, they cannot be used for for example mould, which is a fungidal infection. 
To use pesticides in glasshouses, the active component to fight the disease, is most of the 
time put in a liquid matrix. In this matrix, the mostly insoluble active component is dis-
perged. Furthermore surface active components are present, which lower the surface ten­
sion of the water in which the suspension is put. This is necessary to make the interaction 
between the suspension and the plant surface better. 
The low concentrated suspension is then ready to be administered to the plants. Mostly 
pressurized nozzles are used, which produce a spray. This spray wets the plants with the 
pesticide, preventing or fighting it from the disease. Different systems concerning the 
amounts can be used, varying from high volume down to ultra low volume techniques. 
Space treatment is also applied. Using this technique, the whole glasshouses is fogged 
with the pesticide. The small droplets produced deposit within a few hours on the leaves 
of the plants. 
The low efficacy of these techniques makes that a lot of the sprayed material is wasted. 
This can be either through the air or into the bottom. The main reason for this problem is 
the wide droplet size distribution of the droplets in the spray. The big ones will fall down 
easily, the small ones will float around into the air. Droplets on a over wetted leaf surface 
will also fall down. Secondly the bottom side of a leaf is hard to reach by a spray, but the 
disease occurs there as well. By using far more liquid as necessary coverage of these 
parts is tried, but this is not very successful. Handspraying is an option, but this is very 
labor-intensive. 
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Especially from an environmental point of view, the low efficacy of spraying in glass­
houses is a sorrow. The major part of the pesticides used will enter the environment either 
by air or by soil. This means that those pesticides will accumulate in for example drink­
ing water, which is in direct contact with people and animals. Modern analysis techniques 
make it possible to detect very low concentrations of contaminations. The lowering of 
these detection levels, together with the awareness that there is a real problem, initiates 
the quest for a solution. 
3.2 Project proposal 
The Applied Plant Research (PPO) institute in Naaldwijk is a well known centre for re­
search concerning glasshouse vegetables and flowers. This involves also the treatment of 
plants by spraying pesticides. Delft University of Technology, department DelftChem-
Tech - Particle Technology (PART) has a long time experience in the field of aerosol 
technologie. Combining the knowledge of these two institutes creates the opportunity to 
develop a new administering technique for pesticides using sprays. 
In an on going project called 'Optimalisering toedieningstechnieken1, PPO is working on 
the improvement of existing spraying techniques in glasshouses. Main goal is to optimize 
the distribution of the spray over the plants while waste is decreased, to increase the effi­
cacy. Main adaptions are: improved nozzles, use of less volume, lower concentrations of 
pesticide and better penetration by air assistance. 
PART is working for about ten years on spraying techniques that can be used to deliver 
the droplets where they are needed. The use of electrical charge is the main tool to make 
this possible. This spraying technique is called electrospray or electro hydro dynamic at-
omization (EHDA). In this process a liquid is atomized with an electric field as the driv­
ing force. 
EHDA shows very good results for selective deposition of droplets in for example thin 
layer production. The proposal is to investigate the possibilities of this technique for the 
administration of pesticides in glasshouses. 
First part of the project will be used to do a literature survey about related subjects, such 
as electrostatic spray painting, creation of charges and the interaction of leaf surfaces 
with those charges. During this period, small scale experiments will be performed, to in­
vestigate the applicability of electrospray for spraying pesticides. 
The designed set up will be scaled up for use in small greenhouses (50 sq.m.) to be tested 
in practical circumstances. This set up will be compared with conventional spraying 
techniques available. 
Two different plant species will be used to test the set up, namely chrysanthemum and 
bell pepper. Chrysanthemum is treated against louse with a insecticide Methiocarb, bell 
pepper is treated against mould using a fungicide Rubigan. Chrysanthemum is a short 
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plant which is raised in a very dense manner, bell pepper is a tall plant which is grown in 
lanes. The first one is treated from above, the latter from the lanes aside. 
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4 Theory 
This chapter gives an overview of the background theory used in the project. It is split up 
into an introduction into spraying and aerosols, electrospraying and electrical effects. 
Theory about any analytical technique used is postponed to the experimental section. 
4.1 Sprays and aerosols 
4.1.1 Spraying 
Sprays are used in a lot of areas. Those areas are for example households, automotive en­
gines, glasshouses and so on. But what is a spray? A spray can be defined as 'a droplet 
aerosol formed by the mechanical break up of a liquid' (hinds). The droplets are larger 
than a few micron. This definition needs a second definition, namely the one of an aero­
sol. A proper definition could be: 'A suspension of solid or liquid particles in a gas' 
(hinds). Aerosols are usually stable for at least a few seconds and in some cases may last 
a year or more. The term aerosol includes both the particles and the surrouding gas, 
which is usually air. Particle sizes ranges from nanometers up to more than a 100 mi­
crometer. Using these definitions one can easily come up with examples of sprays in 
daily life. A deo spray, the shower, fuel injection system in the car and so on. If in the 
next part of this paper the word droplet is used, this will refer to a liquid particle. 
In glasshouse industry, different spraying systems are used to disperse a liquid over the 
plants. This is mostly done to fight a disease occuring or to prevent a disease to occur. 
The spray is than used as a transport method for the pesticide to be deposited on the plant. 
Within the spraying technique used in glasshouses, different systems can be determined. 
Two of these systems often used are the high pressure nozzle and the 'fogging' systems. 
High pressure nozzle systems consist of a number of nozzles, traveling through or above 
the vegetation. This technique produces droplets above 100 micrometer and around 300 
liters per ha are used. The other end of the scale is the so called 'fogging' technique. This 
technique produces very small droplets (around 10 micrometers) which float around in 
the glasshouses and finally deposit on the plants. Due to the small size, this technique is 
used to treat a glasshouse at once with only 10 liters per ha. Disadvantage is the long 
residence time of the droplets, the glasshouses must be closed for hours to prevent inha­
lation by humans. 
The two techniques mentioned are extremes, but are the two basic techniques used. 
Modifications, like air assistance, electric charging and the use of different nozzles are 
used to improve the efficacy of the techniques. Efficacy in this case means more deposi­
tion on the right place and less waste of liquid into bottom or air. A lot of research is per­
formed to gain more knowledge about spraying pesticides and about increasing the effi­
cacy of spraying. In this project, a totally different technique is tested, namely electro-
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spraying. In this case the small droplets having all the same electric charge and size are 
sprayed. The reasons why this could be a good technique to improve the efficacy will ex­
plained in the sub chapter aerosols. 
4.1.2 Aerosols 
A population of droplets in the air can, according to the definition above, be considered 
as an aerosol. To gain more insight in the behavior of those populations, for example to 
increase the efficacy of pesticide spraying, knowledge of aerosol science in common is 
needed. 
The behavior of droplets in air highly depends on their size. Figure 1 gives a clear over­
view of droplets sizes and their definitions. 
Particle Diameter, Mm 
Figure 1. Particle sizes and their definitions in aerosol science'. 
Droplets are sensitive to forces working on them and giving them a certain velocity. De­
pending on the size, different forces like gravity, brownian motion or drag forces have a 
different impact on the droplet. As one can imagine is the use of monodisperse droplets 
profitable as the forces working all have the same impact. In this case unexpected side 
effects of a droplet population can be ignored and the spray set up can be used with the 




The possibility of using electric fields to disperse liquids has attracted much interest from 
the scientific world. The subject includes a wide variety of applications, numerous ex­
perimental configurations and a large array of liquids. 
An electrospray refers to the atomization of a liquid through the Coulombic interaction of 
charges on the liquid and the applied electric field. The result of this interaction includes 
both the acceleration of the liquid and subsequent disruption into droplets as well as the 
buildup of charge. Zeleny defined electrospray as the cases in which the electric field it­
self is the cause of the spraying of a liquid in fine droplets. Nowadays, this phenomenon 
is called ElectroHydroDynamic Atomization (EHDA), to avoid confusion with other 
spraying techniques using an electric field. This name covers the process of the atomiza­
tion of a moving {dynamic) liquid {hydro) in an electric {electro) field. 
In this overview different aspects of EHDA will be highlighted. At first, the different 
modes of electrospray that can occur are described. One of these modes, the so-called 
cone-jet mode is of special interest and will be considered in more detail. Modelling of 
this mode is done by different research groups and their results will be presented. Current 
and potential applications of electrosprays are shortly discussed in the last part. 
The process of EHDA can take place in various atmospheres (air, inert gas, vacuum, etc.) 
using various fluids and experimental conditions, and generate droplets from various pro­
duction mechanisms. This process includes the production of charged droplets on differ­
ent scales (nm-|xm) and monodisperse and polydisperse droplet populations in high and 
low flow rates. 
The atomization of a liquid is a function of both external (experimental configuration, 
flow rate and atmosphere) and internal (fluid) properties of the used set-up. The fluid 
properties receiving the most attention are: the electrical conductivity (K), the surface 
tension (y), the viscosity (|a), the density (p) and the permittivity (s). 
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Figure 2. Typical configuration for electrospraying as developed in Delft2 
The phenomenon of an electric effect on menisci is known since the sixteenth century. 
William Gilbert reported the interaction between a water droplet and a piece of amber, 
leading to a conical shaped droplet. 
Zeleny, in the beginning of this century, showed that liquid menisci subjected to a high 
enough electric field change to a conical shape and emit a mist of very small droplets. 
In the fifties, Vonnegut and Neubauer tried to relate the poperties of a liquid to their abil­
ity of being sprayed. 
Taylor made the first mathematical description of the cone by balancing the forces that 
are present. At the beginning of the nineties, scaling laws for electrospraying of liquids 
were developed, to predict the characteristics of the spray on forehand. A physical model 
that describes the shape of the cone and the spray was derived by Hartman and is also 
presented here. 
The intention of this paper is to give an overview of the developments in EHDA from the 
beginning of the nineties until now. 
4.2.2 Modes of EHDA 
So electrohydrodynamic atomization, also called electrospraying, refers to a process 
where a liquid jet breaks up into droplets under influence of electrical forces. However, a 
liquid jet will also break up into droplets without any electric force present. Depending 
on the strenght of the electric stresses in the liquid surface relative to the surface tension 
stress and the kinetic energy of the liquid jet leaving the nozzle, different spraying modes 
will be obtained. 
Several spray modes have been defined by Cloupeau and Prunet-Foch3. A brief summary 
of these spray modes is given in the following. Note that each mode has multiple charac­
teristics and the transition between modes is not always well defined; consequently, the 
simple descriptions to follow cannot fully encompass the subtleties of each mode. Figure 
3 presents a flow chart describing the modes as a function of the applied potential. In this 
figure the influence of other parameters on the spray mode can also be seen. Here it is not 
meant to imply that all liquids under all conditions will follow identically, without devia­
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tion, the mode progression through potential space. However, this figure, in general, lo­


















Figure 3. Different modes of EHDA as function of the applied potential.4 
The modes are separated into two general categories: those that exhibit a continuous flow 
of liquid through the meniscus and those that do not. The former consists of the simple-
jet, the cone-jet and the ramified-jet, while the latter consists of the dripping, the micro-
dripping, the spindle and the intermittent cone-jet modes. The latter are often referred to 
as pulsating modes. Both categories have been observed by most authors although the 
nomenclature has not been universally accepted. 
The dripping mode is characterized by the production of large droplets (usually larger 
than the capillary diameter) at low frequency (< about 500 Hz). The production frequency 
and the droplet diameter vary directly and inversely, respectively, with the applied poten­
tial. The primary droplets are sometimes accompanied by satellite droplets. The micro-
dripping mode occurs at low flow rates and produces droplets smaller than the capillary 
diameter at a frequency about two orders higher than the dripping mode. Figure 4 shows 
both modes. The gray areas represent the nozzle. 
Figure 4. Dripping mode (left) and microdripping mode (right), (adaptedfrom Cloupeau et al.)3 
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The spindle mode generates two distinct droplet sizes, a large primary droplet and several 
small satellites. In this mode, a jet extends from the meniscus and collapses into the pri­
mary and satellite droplets. The meniscus collapses to the capillary tip and the process is 
repeated with a regularity depending on the conditions. The intermittent cone-jet mode, 
as the name suggest, produces an unstable cone-jet. Between the cone-jet occurences the 
meniscus collapses to the capillary and several large droplets may be emitted. Previous 
nomenclature has grouped the spindle and the intermittent cone-jet modes into one mode, 
the pulsating-jet mode. The droplet diameter differentiates the two modes. The spindle 
mode produces two diameter classes where the intermittent cone-jet mode produces a 
multitude of fine droplets with a superimposed, semi-periodic large droplet population. 
Figure 5. The different stages of the spindle mode, (adapted from Cloupeau et al.)3 
The continuous modes are described in the following. The simple jet and cone-jet exhibit 
similar structures. The transition between the two is sharp for high conductivity liquids 
and vague for low conductivity liquids. Both consist of a single jet drawn from the me­
niscus by the electrical forces. 
In the cone-jet mode, often referred to as the Taylor cone mode, the meniscus forms a 
conical shape with a half angle near the 49.3° Taylor angle (as calculated from an ideal, 
no-flow equilibrium condition). 
The jet drawn from the apex of this meniscus breaks up into droplets by three mecha­
nisms as a function of increasing potential: varicose instabilities where the breakup pro­
ceeds as in a natural jet, kink instabilities where the breakup is more disordered due to the 
large lateral instabilities caused by the high electric forces and lastly, the multi-jet insta­
bility where multiple jets appear on the meniscus and the cone lenght is shorter. 
Figure 6. from left to right: varicose instabilities; kink instabilities; multiple jets, (adapted from Clou­
peau et al.)3 
The simple-jet differs from the cone-jet mode in the sharpness of the conical meniscus 
and in this mode breakup usually occurs via varicose instabilities. This difference is 
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caused by the fact that the kinetic energy of the jet in the cone-jet mode is mainly gener­
ated by the electric forces, where in the simple-jet mode the kinetic energy of the jet is 
mainly generated by the syringe pump. For the cone-jet mode the diameter of the cone 
base is determined by the outer diameter of the capillary and the jet diameter mainly de­
pends on the liquid flow rate. For the simple-jet mode, the diameter of the cone base is 
determined by the inner diameter of the capillary. The jet diameter depends on the extra 
acceleration caused by the electric field. When the electric field is increased over a sim­
ple-jet, then the surface charge on the jet becomes larger than a certain treshold value. In 
that case, the radial electric forces cause the occurance of several, temporal secondary 
jets issuing from the surface of the primary jet, not just from the apex. This is called the 
ramified-jet mode. 
Figure 7. Simple jet (left) and ramified jet (right) mode, (adapted from Cloupeau et al.)3 
The most reported spray mode is the already mentioned cone-jet mode. There are actually 
three reasons for the importance of this mode. First it allows the production of aerosols 
within a very large range of droplet sizes, including the submicron range. Secondly, this 
mode is achievable for a very wide range of liquid properties in terms of conductivity, 
viscosity and surface tension. Thirdly, the size distribution of the particles produced can 
be, depending on the experimental conditions: monodispers, bimodal or polydisperse. 
Figure 8. Photograph of EHDA in the cone-jet mode. 
Electrical interaction between these highly charged droplets and differences in inertia are 
the main cause for a size segregation effect. Small droplets are found at the edge of the 
spray, while large droplets are found in the spray center. This makes separation of the 
main droplets from the smaller secondary droplets possible and a monodisperse spray can 
be obtained. If the highly charged droplets evaporate, then the Rayleigh limit for droplet 
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charge can be reached. In that case droplet fission can take place. This effect changes the 
droplet size distribution. 
In the cone-jet mode, a liquid is pumped through a nozzle at a low flow rate. An electric 
field is applied over the nozzle and some counter electrode. This electric field induces a 
surface charge in the growing droplet at the nozzle. Due to this surface charge, and due to 
the electric field, an electric stress is created in the liquid surface. If the electric field, and 
the liquid flow rate are in the appropriate range, then this electric stress will overcome the 
surface tension stress. In that case, the electric stresses transform the droplet into a coni­
cal shape. The tangential electric field accelerates the charge carriers at the liquid surface 
toward the cone apex. In a liquid, the charge carriers are mainly ions. These ions collide 
with the surrounding liquid molecules. This results in an acceleration of the surrounding 
liquid. As a result, a thin liquid jet emerges at the cone apex. This jet can break up into a 
number of main droplets with a narrow size distribution, and a number of smaller secon­
dary droplets and satellites. The number of secondary droplets can be of the same order 
of magnitude as the number of main droplets. However, the total volume of these secon­
dary droplets is much smaller than the volume of the main droplets. Due to the excess of 
surface charge in the liquid cone and jet, the droplets are highly charged. 
Depending on the liquid properties, the main droplet size produced ranges from nanome­
ters with production frequencies in the order of 109 Hz to hundreds of micrometers with 
production frequencies of about 104 Hz. 
4.2.3 Modeling of the cone-jet mode and break up of the jet 
Several attempts have been made to model the cone-jet mode, under which analytical and 
numerical models. A short review of only the most succesful ones follows here. 
Taylor (1964)5 was the first to calculate analytically a conical shape, the 'Taylor cone'. 
For this cone shape the surface tension stress is balanced with the electrical normal stress. 
Taylor assumed a cone without a liquid jet. 
Consequently, there was no electrical current and liquid flow through this liquid cone. In 
Taylor's case the cone had to be a perfect cone. Only the angle at the cone apex could be 
used as a parameter. For this case Taylor found a cone angle of 98.6°. 
Combining dimension analysis with experimental results, Fernandez de la Morra6 and 
Ganân-Calvo7 derived relations for the droplet size and the current as function of the liq­
uid flowrate and the liquid properties (conductivity, surface tension, density, viscosity 
and relative permittivity), the so-called scaling laws. 
Using his physical numerical model, Hartman8 refined these scaling laws. For the high 
conductivity case he found for the current: 
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For a nozzle with a diameter of 8 mm and for n-butanol and ethylene glycol with various 
conductivities, the scaling law was fitted to current measurements. The result is as fol­
lows: 
Q/Qo a b 
<50 0.493 2.215 
50-250 0.518 1.931 
>250 0.427 3.203 
It has to be noted that the current also depends on the electrode configuration, and the 
type of ions used. So, measurements might yield deviations from the scaling laws up to 
30%. 
For the refining of the droplet size scaling law one of the tools Hartman used was a High 
Speed Imaging System. The measurement results showed that the produced droplet size 
in the cone jet mode depends on the jet break up mechanism. Which was found to depend 
on the ratio of the electric stress over the surface tension stress. At low stress ratios, the 
jet breaks up due to varicose perturbations. At higher stress ratios, the jet showed a whip­
ping motion. 
He found for the droplet size in the varicose and in the whipping jet break up regime: 
^d, varicose ^ ^d,whipping I 
288s0yQ 2 \  K 
( 2 )  
The constant c was fitted to the experiments and was found to be equal to 2.05 for the 
measurements with the camera, and was found to be equal to 1.76 when compared to a 
result of Ganân-Calvo. 
The difference can be attributed to the measurement accuracy of the camera system. The 
droplet size equation (2) that yields the smallest droplet is the one that has to be used. It 
should be noted that in the whipping jet breakup the size distribution becomes wider with 
increasing flow rate and that for every liquid a minimum flow rate exists. 
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Figure 9. Stresses acting on the cone. 
The model is able to calculate the shape of the liquid cone and jet, the electric fields in 
and outside the cone, and the surface charge density at the liquid surface. The model also 
estimates the liquid velocity at the cone surface. From these results the current through 
the liquid cone can be calculated. 
As seen already the produced droplet size mainly depends on the liquid flow rate and the 
liquid properties. The physical model investigates the influence of these parameters on 
the cone shape, droplet size and droplet charge. The shape of the liquid cone is calculated 
by solving the Navier-Stokes equation in one dimension, for a steady state situation. To 
be able to solve these equations, the electric field strenghts, the surface charge and the 
radial velocity profile inside the liquid have to be known. If a certain cone shape is as­
sumed then the electric fields in and outside the liquid are numerically calculated using 
Gauss' law. The surface charge follows then from the current balance at the liquid-air 
interface and from the estimation of the liquid velocity at the liquid-air interface. The one 
dimensional Navier-Stokes equation is then used to calculate a new cone-shape which is 
used as input for new electric field, and surface charge calculations. This process is re­
peated until input cone shape and output cone shape have converged. 
The break up of the jet is calculated numerically by using models of Weber and Melcher. 
The calculations use the previously calculated jet shape. These models yield the jet di­
ameter before break up, the diameter of the droplet and the droplet velocity. 
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4.3 Electrical effects 
The profit of using droplets made by electrospray is twofold: firstly the droplet will repel 
each other, so the monodispersity of the droplets is secured and secondly the droplets will 
be attracted by objects having a lower potential. In this sub chapter the electric effects 
will be explained in more detail. 
4.3.1 Droplet - droplet and droplet - field interaction 
Two droplets having the same charge will repel each other according to Coulomb's law: 
The force F is a function of the charges q and the distance between the droplets. As the 
droplets produced by electrospray are highly charged the repulsive force is quite big, so 
no coagulation will occur. The charge goes up to 70 percent of the Rayleigh charge limit. 
This is the maximum amount of charge that can be present at the surface of a droplet 
before it explodes. The limit is given by: 
Evaporation of droplets has to prevented, as the area decreases the relative charge per 
area increases. As a result the droplet will explode, leading to a uncontrollable droplet 
population. 
Besides the particle-particle interaction force, charged droplets also interact with 
surrounding materials due to existing electric fields. The force acting on a charged 
droplet in an electric field is given by: 
As the electrospray produces charged droplets as well as it creates an electric field 
between the nozzle and the surroudings, droplets are transported towards these 
surroundings and will deposit there. 
The use of electric charge in respect with agriculture has been investigated earlier by 
people like Coffee9 and Almekinders10. Their work is based on the practial benefits of the 
charge, but does not contain a fundamental background. 
(3) 
(4) 
F  =  q - E  (5) 
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5 Experimental part 
The experimental part describes the work that has been done so far. Firstly the develop­
ment of the electrospray nozzle and the scale up of it is described. Secondly the use of 
image analysis as a deposition detector is explained. Also field experiments are de­
scribed. The chapter ends with future experiments, to be done to complete the project. 
5.1 Nozzles and scaling up 
The normally used nozzles to electrospray a liquid cannot be used to create a free spray. 
The creation of an electric field to obtain the cone jet system by using a nozzle and a 
plate will lead to direct deposition of the doplets on to this plate. Therefor a ring instead 
of a plate is used, leading to the following nozzle: 
Figure 10. Ring - nozzle system developed for use in glasshouses. 
The liquid enters the a metallic tube connected to the nozzle. This nozzle is under high 
voltage (approx. 7.5 kV). As a counterelectrode, the ring is used. This ring is also under 
high voltage (approx. 2.5 kV). The voltage difference creates the electric field to obtain 
the cone jet mode, the high voltage on the ring prevents the positively charged droplets to 
deposit on it. This method leads to the formation of a free spray of charged, monodis­
perse droplets. Figure 11 shows this nozzle in detail. The nozzle and the ring are con­
nected using a insulating polymer Teflon. 
17 
Figure 11. Detail of the nozzle - ring system. 
As the production of one nozzle is limited by the maximum flow rate that can be applied 
(10 ml/h), for the scale up more nozzles are used. This scale up started by building a cart 
that could be placed on the lanes between the bell pepper plant. By moving this cart over 
the lane, every plant could be sprayed. This cart consists of two high voltage power sup­
plies for nozzle and ring and a arm with four nozzles. The liquid was supplied to the noz­
zles by gravity. Small vessels with an amount of liquid are placed closely to the nozzle 
and a small tube tranports the liquid to the outlet. The flow rate is statically controlled by 
placing a thin diameter needle in the tube. The later version of this cart this system was 
replaced by a four position syringe pump, to have the flow rate easier controllable. 
Figure 12. Cart developed for the administration ofpesticides. 
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A lot of effort was put in the development of this system, especially the design of the 
nozzle. During test session, the nozzle was optimized once a while, to get rid of side ef­
fects which were unpredictable during its design. 
5.2 Image analysis 
The results of a spray test has to be validated afterwards. A powerful method to do this is 
called image analysis. A lot of effort was put into this subject, firstly what was the best 
set up to buy for our purpose and secondly how to use this set up for the detection and 
counting of deposition of leaves. 
Pictures have showed and recorded observations of researchers from the beginning. Even 
now, illustrations are widely used to explain complex scientific phenomena and they still 
play an important role in descriptive sciences. However any visual observation is limited 
to the capabilities of the human eye. Technological advances allow image data nowadays 
to be captured, manipulated, and evaluated electronically by computers. Image process­
ing is becoming a common tool to analyse multidimensional scientific data in all areas of 
life science. 
5.2.1 Introduction to image analysis. 
An image is a visual representation of an object or group of objects. Image formation is 
the process where radiation emitted from objects is collected to form an image of the ob­
jects. All kinds of radiation and interactions of radiation with matter can be used to make 
certain properties of objects visible. 
Techniques from computer science and mathematics are required to perform qualitative 
and quantitative analyses of images. Image processing merges a wide range of sciences as 
shown in Figure 13. 
Figure 13. Sciences related to image processing9 
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Common applications of image processing are following pinpointed: 
Geometric measurements: gauging and counting. Counting of particles and measuring 
their size distribution is a widely used application. 
Radiometric measurements: revealing the invisible. The radiation received by an imaging 
sensor from an object reveals some of its features. While visual observation by the human 
eye is limited to the portion of the electromagnetic spectrum called light, imaging sensors 
are now available for almost any type of radiation. 
Depth measurements: exploring 3-D space. Modern imaging techniques, in combination 
with image processing, offer a wide range of possibilities to either reconstruct the depth 
of opaque objects or even to take a 3-D image of them. 
Velocity measurements: exploring dynamic processes. Image sequences open a way to 
explore the kinematics and dynamics of scientific phenomena or processes. 
Technological advances allow image data nowadays to be captured, manipulated, and 
evaluated electronically by computers. Image processing is becoming a common tool to 
analyse multidimensional scientific data in all areas of life science. 
5.2.2 General set-up of an image analysis system. 
Any image analysis system needs at least the following equipment, showed in Figure 14, 
as basic set-up that should be adapted for each application. 
Image analysis systems cover all processes involved in the formation of an image from 
objects and the sensors that convert radiation into an electrical signal, and further into a 
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Figure 14. Basic set-up of an image analysis system. 
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The emission of radiation from the object necessary to form an image is caused by exci­
tation with an energy source. The camera captures the selected (filtered) information (ra­
diation) from the object. One or more converters are used to transform the radiative flux 
into the appropriate signal to be processed by the computer. The software available in the 
computer allows manipulating and classifying the image data to make the analysis, that in 
many cases can be automated. 
A basic description of each device necessary in a generic image analysis set-up is pre­
sented now. 
Radiation sources. 
The energy emission occurs when electrons in an excited state come back to normal state. 
Because few substances or materials emit energy naturally thus, it is necessary to excite 
an object in order to get radiation from it and form an image. Radiation sources are used 
to visualise physical properties of objects. Considering the radiometric properties (spec­
tral characteristics, intensity distribution, radiant efficiency and luminous efficacy) of the 







Figure 15. Samples of illumination set-ups: a directed; b diffuse; c rear; d light field; e dark field; f tele-
centric. 
Filters. 
The interaction between radiation and objects can be in different ways as is shown in 
Figure 16. Radiative flux, Oj incident on an object is partially reflected (fraction p) and 
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absorbed (fraction a). For nonopaque objects a fraction (x) is passing the body. The ra­
diative flux (sOe) is emitted to maintain or reach thermodynamic equilibrium. 
Radiation can be measured so objects can be classified by their behaviour under a radia­
tion source. Filters can be used in image analysis to avoid unwanted radiation supplies 
and to select the range of the emission that would be really captured by the camera. 
Figure 16. Different radiation paths after interaction with objects10 
In our case the image formation implies the emission of fluorescent radiation from the 
object (sprayed leaf). In order to select the range of emitted energy that we want to col­
lect, and thus measure, different types of filters can be used. Filtering of the captured sig­
nal allows a better and easier differentiation between the background and the features of 
interest. We try to optimise the results by using a filter (or combination of filters) that 
transmits only the wavelengths of interest (emitted by the tracer) and absorbs the rest of 
the light reflected and emitted by the background (the leaf). 
Bandpass filters : Optical filters are used to compensate for the less than ideal behaviour 
of monochromators (a spectroscope with a slit that can be moved across the spectrum for 
viewing individual spectral bands, more or less narrow). Also, when the spectral proper­
ties of fluorescent substance are known, maximum sensitivity is obtained using filters 
rather than monochromator. 
Using bandpass filters the emission from the filter itself can happen. Many filters are lu­
minescent when illuminated with UV light, which can be scattered from the sample. It is 
usually preferable to locate the filter further away from the sample, rather than directly 
against the sample. 
Interference filters: Typically transmit light at a particular wavelength, with a bandpass 
of 10-20 nm and a peak transmission efficiency of 20 %. It is useful to have a variety of 
interference filters for wavelengths frequently used for excitation and emission. 
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An interference filter defines the emission more closely than a bandpass filter. It is also 
possible to design filters which reject light at a given wavelength and transmit longer and 
shorter wavelengths (known as notch filters). 
Heat filters'. Heat filters are tempered glass filters which absorbs the infrared heat and 
transmit the shorter visible and UV wavelengths. 
A major source of error in all fluorescence measurements is interference due to scattered 
light, stray light, or sample impurities. This problem can be minimised by careful selec­
tion of the emission filter, by the use of optical filters in addition to the excitation and 
emission monochromators, and by control experiments designed to reveal the presence of 
unwanted components. 
Figure 17. Chain of radiometric imaging10 
The chain of events leading from emission of radiation to the final image formation is 
represented on Figure 17. The final output of the imaging detector depends on a variety 
of detector properties and on the filtering of the captured signal. 
Image capturing (CCD camera). 
Following the normal set-up in an image analysis system some notes about image cap­
turing are given. 
Digital image capture devices may be categorised as scanners or cameras, depending 
upon how the periodic sampling is performed. 
Scanners usually employ a line-array sensor and capture a single line of pixels at a time. 
A relative movement between object and sensor is necessary to performance the capture 
of an image. Scanners typically work with a fixed object-to-sensor distance. 
A digital camera normally uses an area-array sensor, which captures the values of all pix­
els within the image during a single exposure. The "camera" collects the radiation re­
Surface Propagation of radiance Image Spectral filters and 
properties and interaction with matter formation. &emor properties 
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ceived from the object in such a way that the radiation's origins can be pinpointed. Be­
sides a digital camera provides a focusing mechanism to accommodate a large range of 
object-to-sensor distances. 
In a digital camera two different parts can be distinguished: 
Optics: They can be an optical lens or other systems as an imaging optical spectrometer, 
an X-ray tomograph, or a microwave dish. 
Lenses have a great effect on the quality of images in various aspects: 
Focal length: determines the lens' angle of view. As the focal length of a lens increases, 
its angle of view decreases. Bigger numbers mean smaller diaphragm aperture thus less 
light input on the camera. 
Zoom lenses', let to change the focal length of the lens on the fly. An optical zoom lens 
changes the amount of the scene falling on the image sensor. 
Magnification : related to the lens' angle of view. As longer is the focal length narrower is 
the angle and less objects have to fit onto the image sensor, so bigger is the magnification 
of those objects. 
The settings of the lenses made before shutting the picture determines the "view" of the 
features of the object and thus the information to process and analyse. 
Photo-sensor. The sensor converts the received radiative flux density into a suitable sig­
nal for further processing. Currently CCD (Charged Coupled Devices) are the best avail­
able. They have a semiconductor device, which converts the irradiance at the image plane 
into an electrical signal. 
As Figure 18 shows the conversion involves a number of steps: 
Conversion: The incident radiative energy must be converted into an electrical charge 
voltage, or current. In order to form an image an array of detectors is required. Each of 
the detector elements integrates the incident irradiance over a certain area. 
Storage-. The generated charges must be integrated and thus stored over a certain time 
interval, the exposure time. In order to control illumination, the sensor should accumulate 
charges only during a time interval that can be controlled by an external signal (electronic 
shutter). 
Read-out: After the exposure, the accumulated electrical charges must be read out. This 
step essentially converts the spatial charge distribution (parallel data) into one (or multi­
ple) sequential data stream that is processed by one (or multiple) output circuit. 
Signal Conditioning-. In a suitable electrical amplifier, the read-out charge is converted 
into a voltage and by appropriate signal conditioning reduced from distortions. In this 
stage, also the responsiveness of the sensor can be controlled. 
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Analog-Digital Conversion: In a final step, the voltage signal is converted into a serial 
data stream that will be the digitised input. 
A CCD detector consists of a large number of individual active image elements called 
pixels. For any given CCD size, the larger the number of pixels, the finer the detail that 
can be resolved in the image. Cooling the CCD brings great sensitivity by reducing the 
inherent electronic noise in the camera. Using a cooled CCD also allows the image to be 
digitised with much finer greyscale resolution, enabling low contrast features to be dis­
tinguished and displayed. 
Figure 18. Processes that take place in an imaging sensor that converts incident photons into a serial 
digital data stream. Adapted from 9. 
In order to choose the appropriate camera for a concrete application, there are some im­
portant specifications to consider: 
Resolution : It is a measure of how much information a digital camera can record, usually 
expressed in pixels or mega pixels. The optical resolution of a camera or scanner is an 
absolute number result of multiplying the length times the width, both in pixels, of the 
CCD sensor array. The more pixels used in an image, the more detail can be seen and the 
higher the image's resolution. 
The optical resolution can be increased using software. This process, known as interpo­
lated resolution, adds pixels to the image with a value estimated by the evaluation of 
those pixels surrounding each new pixel. 
Dynamic ranse: Depending upon the capability of the measuring hardware and the com­
plexity of the image, anywhere from 1 to 32 bits might be used to store each pixel value. 
Pixel values for line art images, which contain only black and white information, can be 
easily represented by a single bit: 0 = black, 1 = white. However, a photographic-like im­
age contains much more information. 
Bits-per-pixel (BPP)\ or pixel depth, is the number of bits used to represent the pixel val­
ues in an image. 
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Camera systems divide this range into a number of discrete levels, known as grey levels. 
The smallest contrast level that can be distinguished is one of these steps. The more grey 
levels there are the smaller each step is and so lower contrast features can be seen in the 
image. 
The number of unique gray values that can be distinguished by a pixel with a certain 
bitmap is given by: 
Nc = 2n (6) 
Nc= number of gray values, 
n = number of bits. 
If the camera used has a 12-bit dynamic range, introducing that value in equation 6, 4096 
gray values are available for each digitised image. This means that very small contrast 
differences can be seen. 
Quantum efficiency: The quantum efficiency (Q.E.) of a sensor describes its response to 
different wavelengths of light. Standard front-illuminated sensors, for example, are more 
sensitive to green, red, and infrared wavelengths (500-800 nm) than they are to blue 
wavelengths (400-500 nm). Back-illuminated CCDs have exceptional quantum efficiency 
compared to front-illuminated CCDs. 
Readout noise: Readout noise is specified both for the CCD sensor and the total system. 
Noise can be thought of in two ways. First, there is not perfect repeatability each time 
charge is dumped out of the CCD and digitised. Conversion of the same pixel with the 
same charge wills not always yields exactly the same result. The second aspect of noise is 
the injection of unwanted random signals by the sensor and electronics. 
The lower the noise figure of a camera system, the better its ability to get a useful signal 
from a noisy background in low light conditions. 
Dark count: Dark count refers to the property of all CCD sensors to generate charge in 
each pixel on its own with time and depending on the temperature. The lower the tem­
perature of the sensor, the lower the dark count is. It is necessary to cool the sensor dur­
ing use. 
System throughput: It is an orientation about the system speed that has no standard to be 
specified. The shorter the time the shutter closes and the image is seen, the easier to focus 
the system and more enjoyable the CCD imaging experience is. Total system throughput 
must consider digitization, data transfer, memory storage and display. The higher the 
digital resolution, the slower the system throughput. 
Knowledge of these parameters in the set-up gives an estimation of the behaviour of the 
device. The image quality depends on the camera sets, so it is one of the most important 
parts of the image analysis system. 
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Computer (Hardware and Software). 
Once the image is formed with the irradiance from the object and converted in a serial 
electrical signal by the CCD, it arrives to the computer where following steps of the 
analysis are performed in the suitable devices: 
Frame Grabber. Its task is to convert the electrical signal from the camera into a digital 
signal that can be processed by a computer. It only needs circuits to digitise the electrical 
signal from the image sensor and store the image into the memory of the computer. 
Physically can be part of the camera or be placed as a board in the microprocessor body. 
Processing unit. It processes the incoming, generally higher-dimensional data, extracting 
suitable features that can be used to measure object properties and categorise them into 
classes. 
Another important component is a memory system to collect and store knowledge about 
the scene. 
Display set-up: The quality of the displayed images depends on: the capabilities of the 
monitors, the computer's display adapter board and its set-up, the configuration of the 
display driver software, the appropriate characterisation of the monitor, and also on the 
viewing environment (ambient illumination, colours of material surrounding, and so on). 
As it has been seen the image formation requires successive conversions of the signal 
transferred before applying the processing tools that available software offers to analyse 
that image. The previously described set-up is the basis of any image analysis system and 
can be developed and adapted with different devices depending on the application. 
Actors. 
After the image is displayed a reaction follows to the visual observation. Once the image 
is processed and the software displays the results the parameters of the analysis have to 
been set by the operator. When the vision system is actively responding to the observa­
tion actor is considered an integral part of the set-up. 
5.2.3 Process of image analysis. 
In this subchapter a few theoretical notes about digitised images are presented. The sam­
ple is transformed in an image that will be the real object of the analysis thus a basic 
knowledge about digital images is required. 
Image analysis is explained in this chapter following the normal signal chain from cap­
ture to image display and final analysis applying the tools that software offers. 
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Image formation. 
The first step in the image analysis process is the capture and conversion of the object to 
form an image. 
An image is a visual representation of an object or group of objects. Image formation is 
the process where radiation emitted from objects is collected to form an image of the ob­
jects. Image formation includes geometric and radiometric tasks. 
The geometrical aspects relate the position between the 3-D object and the image plane. 
The relation of object image sizes to the original sizes is considered as well as the resolu­
tion that can be obtained with a certain imaging system and possible geometrical distor­
tions. 
The radiometric aspects link the radiance of the objects to the irradiance at the image 
plane. It is a quantification of the energy emitted by the object that is collected by the im­
aging system and received by the sensor. All objects and matter along the optical path 
influence the incident radiation 
Image digitization. 
Once the sensor forms the serial data stream, it is read by the computer and processed by 
the software applied. 
Digitization is the process by which the charge from the CCD is transformed into a bi­
nary form used by the computer. 
The digitazion process divides an image into a horizontal grid, or array, of very small re­
gions called "picture elements" or "pixels". 
Pixel: The elementary unit in a digital image. It holds a digital number that represent the 
irradiance in a cell at the image plane corresponding to the sample grid. A pixel usually 
represents a very small region within an image, often 1/300 th of an inch square, or less. 
In the computer this digital grid, or bitmap, represents the image. Each pixel in the 
bitmap is identified by its position in the grid, as referenced by its row (x) and column (y) 
number. By convention, pixels are referenced from the upper-left position of the bitmap, 
which is considered position 0,0 (row 0,column 0). 
When a source image, as a photograph, is digitized, it is examined in grid fashion. That 
is, each pixel, usually an integer, which represents the brightness or darkness of the im­
age at that point. This value is stored in the corresponding pixel of the bitmap. 
The width and height of a bitmap in pixels are known as its spatial resolution. 
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Image classes. 
The image class is determined by the number of bits per pixel used to represent each 
pixel value, it gives the colour interpretation. It is common referring, as image resolution 
to talk about the image class, but it has to be noticed that is a different concept from the 
resolution specified in the camera. 
Bilevel: A bilevel image stores image data with 1 bit-per-pixel (1BPP). Each pixel is in­
terpreted as either completely black (0) or completely white (1). Bilevel images are 
commonly referred to as either "Black and White" or "Line Art" or "Halftone" images. 
Grey Scale: Grey scale pixel values represent a level of greyness or brightness, ranging 
from completely black to completely white. This class is sometimes referred to as 
"monochrome". 
In an 8-bit Grey Scale image there are 28 = 256 possible values for each pixel. A pixel 
with a value of 0 is completely black and a pixel with a value of 256 is completely white. 
Although Grey Scale images with depths of 2, 4, 6, 12, and 32 bits per pixel exist, 8 bits 
per pixel grey scale images are the most common. This is for two reasons: 
Its 1-byte-per-pixel size makes it easy to manipulate with a computer. 
It can faithfully represent any grey scale image because it provides 256 distinct levels of 
grey (the human eye can distinguish less than 200 grey levels). 
Although the human eye is not able to distinguish more than 200 gray values, a computer 
is. 
RGB: the RGB image class (referred to as True Colour in LabWorks) uses the most 
straightforward way of representing colour images. RGB stands for "Red, Green, and 
Blue"; the three primary colours of light, which cones in the retina of the eye, are sensi­
tive to. Any colour can be represented as a mixture of varying levels of pure red, green, 
and blue light, see Figure 19. Additive colour processes, such as television, work by 
having the capability to generate an image composed of red, green, and blue light. 
In a True Colour bitmap, each pixel contains a 24-bit value, called an RGB "triple" or 
"chunk". This RGB-triple is made up of three separate 8-bit samples. Each sample repre­
sents the level of brightness of its respective colour channel: Red, Green, or Blue. These 
brightness values represent levels within a 256-level scale, just as they do in a Gray Scale 
image. The first sample is a level of Red, ranging from 0 (black) to 255 (brightest red). 
The second sample is interpreted as a level of Green, and the third sample is the level of 
Blue. Equal levels of Red, Green and Blue generate a level of grey. 
Palette: The Palette image class uses 8 bits-per-pixel to store colour information. Palette 
format is a convenient and efficient way to store images that have fewer than 256 colours. 
The pixel value in a palette image does not represent a brightness value. Instead, the 
value within the pixel is an index (pointer) to an entry in the image's "palette". The pal­
ette is a 256-entry table of RGB values, it has no significance in terms of intensity. Pal­









Figure 19. Chromaticity diagram shown in the xy colour space. The u-shaped curve of monochromatic 
colours with wavelengths in nm as indicated and the purple line includes all possible colours. Shown are 
also range of colours (triangles) that can be represented with monochromatic primaries Rc, Gc, Bc and the 
SMPTE primary (colour system) receiver standard Rs, Gs, Bs. 
Image processing. 
The term image processing refers to the many digital techniques available for altering the 
appearance of an image. Image processing operations may be used to enhance original 
"master" images, to convert master images to derivative images (reproductions of low 
quality) or to prepare master or derivative images for display or printing. 
Image processing includes the following: 
Resampline-chamine the dimensions in pixels of an image: It is the conversion of a 
digital image changing the number of pixels it has in each axis. "Resampling" should be 
distinguished from "resizing", in which the number of pixels remains the same but the 
number of samples per unit distance along each axis is changed. 
Resampling is most often associated with the process of creating derivative images from 
a digital image. Resampling to create images of a higher sampling frequency than the op­
tical sampling frequency (interpolated resolution) only increases the size and processing 
times of the image but does not enhance its quality. 
The three most commonly used algorithms for resampling involve assigning values to the 
pixels in the new (resampled) image based upon 
Nearest neighbour, the value of the closest pixel among the four surrounding (the four 
with a common edge) pixels in the original image. 
Bilinear interpolation : a weighted combination of the values of the four surrounding pix­
els in the original image. 
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Bicubic interpolation : a weighted combination of values of the sixteen surrounding pixels 
in the original image. 
Pixel level modification: Some homogeneous point operations can be applied to make the 
image look better but do not actually improve it. They are known as Look-Up Table 
(LUT) operations. As more typical can be pin pointed: 
Adjustment of brightness and contrast: describes the overall amount of light in an image 
and the degree of difference between the brightest and darkest components in an image, 
respectively. 
Gamma correction-, is a specialised form of contrast enhancement in the very dark or very 
light areas of an image, by applying standard non-linear gamma curves to the intensity 
scale. 
Histogram modification: the number of pixels at each intensity value are counted and 
charted, and can be re-mapped according to a mapping function. The histogram mapping 
function is typically presented as a curve, original grey scale values on x-axis and their 
mapped values on y-axis. 
Colour correction : it is possible to select the model of color wanted to display images or 
even colourise some values in a gray-scale image in order to emphasise details. 
Enhancement through sharpening, smoothing, or spatial filtering: a purposely blurred 
(unsharpened) negative copy of a photograph is used as a subtractive mask, in combina­
tion with the photograph itself, to produce a sharpened copy of the photograph. In the 
digital domain, generating a smoothed copy of an image, multiplying the smoothed image 
by a fractional value, and subtracting it from the original image performs unsharp mask­
ing. 
Thresholding: the simplest method of segmenting a gray scale image. By selecting a cer­
tain value, and setting all pixel values below it to one (white), and all pixel values above 
it to zero (black) a binary image is formed. 
Rotation: either by multiples of 90 degrees or through an arbitrary angle. 
5.2.4 Luminescence. 
An image analysis system allows working with a lot of different applications but always 
implies a radiation flow. This project has been developed with fluorescence emissions, 
that are part of luminescence, and thus some aspects of this phenomenon are exposed. 
Luminescence is the emission of light from any substance and occurs when electrons in 
an excited state fall down to their ground state. This fall back goes together with the 
emission of photons. When this photon energy is in the visible light range, the human eye 
can see it. Two different mechanisms for luminescence can be distinguished: 
Fluorescence-, constitutes the emission of electromagnetic radiation, especially of visible 
light, stimulated in a substance by the absorption of incident radiation and persisting only 
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as long as the stimulating radiation is continued. It has short light lifetime, that is, the ra­
diative emission occurs within 1-200 ns after the excitation. 
Phosphorescence: defines a delayed luminescence occurring milliseconds to minutes af­
ter the excitation. The intensity decreases as the time from the last exposure to light in­
creases. 
The excited state can be produced in various ways, including light absorption (photo-
luminescence), chemical or biochemical reactions (chemi- or bioluminescence), electrical 
voltage (electro-luminescence), and the like. 
Because the period of time during which a molecule remains its excited state is relatively 
long, numerous interactions with other species can occur within its lifetime. As a result, 
the luminescence of all organic molecules occurs at longer (less energetic) wavelengths 
than excitation. 
5.2.5 Fluorescence. 
Fluorescence allows us to visualise concentrations and processes quantitatively. Fluores­
cent intensity depends on both the concentration of the fluorescent material (natural in 
sample composition or added) as well as on the mechanism that leads to excitation. 
A general property of fluorescence is that the same fluorescence emission spectrum is 
generally observed irrespective of the excitation wavelength. 
Fluorescence studies can be performed on gaseous, liquid, and solid samples, and on liv­
ing matter. Applications range from the acquisition of conventional spectra of samples 
contained in cuvettes to more sophisticated methods such as fluorescence microscopy and 
imaging. 
Two different ways of fluorescence measurements can be done: 
Steady-state: those performed with constant illumination and observation. This is most 
common type of measurement. The sample is illuminated with a continuous beam of 
light, and the intensity or emission spectrum is recorded. Because of the nanosecond 
timescale of fluorescence, most measurements are steady-state measurements. When the 
sample is first exposed to light steady state is reached almost immediately. 
In steady state pictures can be taken in short time intervals because the fluorescence in­
tensity remains invariable. 
Time-resolved: measuring intensity decays or anisotropy decays. The sample is exposed 
to a pulse of light, where the pulse width is typically shorter than the decay time of the 
sample. This intensity decay is recorded with a high-speed detection system that permits 
the intensity or anisotropy to be measured on the nanosecond timescale. 
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5.2.6 Fluorescent tracers (dyes). 
The number of substances that fluoresce naturally in quantifiable amounts is relatively 
small and its common to add a separate fluorescent compound to the source of the inter­
est substance to visualise it in the sample. 
Fluorescent tracers can be used for image analysis in two different ways: 
Qualitative'. The tracer gives fluorescent properties to the substance to be analysed. When 
the dye is excited by an energy source (light) it emits some radiation detectable by the 
camera. 
In image processing it is possible to detect the tracer's fluorescence and thus to estimate 
areas, position, dispersion and other different qualitative characters of the sample. To 
study sprayed surfaces is assumed that the fluorescent tracer follows the same deposition 
and retention characteristics as the substance of interest. 
Quantitative: It is possible to correlate the deposited mass of tracer with the intensity of 
its fluorescent emission. In digitised image each picture unit (pixel) has a numeric value 
known as grey level. Assuming a fixed tracer-substance ratio a relationship between pixel 
grey values and the amount of tracer can be set, so the mass of substance can be estimate. 
As a fluorescent tracer is a substance affected by light it is necessary to consider the 
photostability in order to choose the best compound for the experiments. When the dye 
used is storage in a laboratory the best conditions have to be kept. For fluorescence ex­
periments it is advisable to take the samples always at the same time after preparing the 
solution, over all when the quantitative measurements have to be done. As the photode-
gradation is a dynamic process taking the same lifetime solutions the introduced error 
will be always the same and thus can be omitted. 
5.2.7 Leaves 
As the present project is focused on the counting of droplets over sprayed leaves, they 
will be the backgrounds of the images processed in the experiments. Next a few notes of 
interest about leaves and their properties are pinpointed. 
Leaf. A usually flat lateral outgrowth from a plant stem that functions primarily in food 
manufacture by photosynthesis. 
A typical leaf consists of two principal parts: the expanded blade or lamina of the leaf, 
and the slender leaf stalk or petiole. 
The expanded leaf is structured in layers where different composition and pigments con­
centrations can be found. A general cross section of a leaf is shown in Figure 20. 
Photosynthesis: Synthesis of chemical compounds with the aid of radiant energy, espe­
cially formation of carbohydrates from carbon dioxide and water by the chlorophyll con­
taining tissues of plants exposed to light. 
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Palisade cells on the leaf's upper surface, crowded 
on end, reoeive direct rays from the sun. 
Minute structures called plastids \ 
Contain chlorophyll (graen) \ 
CROSS SECTION OF LEAF 
SHOWING COLOR CHANGES 
Stoma (por«) allows 
of air into leaf 
Loosely packed calls 
spongy layer permit air 
containing carbon dioxide 
(for Photosynthesis) to move 
Inside leaf 
Veins support the leaf, and carry 
water to the leaf and food back 
out into the rest of the tree 
ürtenoide pigments 
(yellow and orange) 
are also found In 
.plastids 
Anthocyanin pigments 
(reds and purples) 
occur In the sap of 
cells 
Transparent waxy layer admits 
sunlight while preventing 
evaporation of water from 
leaf cells 
Figure 20. From USDA forest service (Internet). 
Chlorophyll. The green photosynthetic colouring matter of plants found in chloroplast. It 
is made up chiefly of a bluish black ester (CssEfoMgN^tOs) and a dark green ester 
(C55H7oMgN406) called also respectively chlorophyll a, and chlorophyll b. The green 
colour of a leaf is owned to the presence of chlorophyll pigments. When they are abun­
dant in the leafs cells mask out the colour of any other pigments, as the carotenoids that 
give colorations of yellow, brown, orange, and the many hues between. The reds, the 
purples and their blended combinations come from another group of pigments in the cells 
called anthocyanins. 
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Figure 21. From Internet. 
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An absorption spectrum for a particular pigment describes the wavelengths at which it 
can absorb light and enter into an excited state. 
The chlorophylls capture some of the sun's energy and utilise it in the manufacture of the 
plant's food. 
Pigments do not absorb the colour of light that we perceive these wavelengths are re­
flected. Chlorophyll absorbs heavily in the red region of the spectrum. 
The depth of penetration of excitation light affects the feasibility of individual com­
pounds to fluoresce based on their location within the leaf. 
Red fluorescence: Green leaves emit fluorescence in response to laser irradiation and 
fluorescence may surely contain some biochemical and physiological information about 
the plant's insides. Chlorophyll is a common fluorescence pigment in plants and an im­
portant molecule in accessing a plant activity; inside leaves have a fluorescence peak at a 
round 685 and 740 nm. This spectral response is often called red and far-red fluores­
cence, respectively. 
The origin of the red-fluorescence is chlorophyll. The 685 nm peak is due to the photo-
synthetic reaction of photosystem II and the 740 nm peak is due to the photosystem I. 
The intensities of these peaks should be related to the chlorophyll absorption depending 
on its a mount inside of the leaves. 
Blue-green fluorescence: Compounds that fluoresce when excited with long wave UV 
(300-400 nm) are abundant in plants. The origin of the blue-green fluorescence of plants 
is not completely understood, but is probably the sum of the fluorescence of riboflavin, 
lignin, lignin precursors, and phenolic and polyphenols compounds. 
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5.2.8 Experiments 
The set up used for image analysis was bought from UVP. It consists of a camera, a dark 
room with ultraviolet illumination to excite the tracer material and image analysis soft­
ware. It was found out that a tracer called TINOPAL-CBS/X was the best tracer to be 
used for our purpose, the counting of deposited droplets on a leaf. This experimental sec­
tion gives a summary of all the investigations done with this set up and the software by 
providing a practical example of counting droplets on a leaf. 
BioChemi System 
Figure 22. UVP image analysis set up as used in Delft. 
Using this set up to obtain results requires a certain procedure to be followed: 
1. having a sample 
2. setting the camera and taking the picture 
3. save the image 
4. adjust the display range 
5. selecting an area of interest 
6. applying the counting tool 
7. observe the results 
Practically this works out as follows: 
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After completing the steps above, the image analysis software returns data in any form. 
This can be the total number of droplets, populations of droplets as function of size, form 
intensity and so on. 
Finally, the total area of the droplets can be divided by the total area of the leaf: 
Coverage - droplet, 
Area of leaf 
This value can be used to have an indication of the coverage of leaves by any spraying 
technique. It also gives the way the leaf is sprayed, small droplets, big areas of liquid or 
just nothing. 
5.3 Field experiments 
Although a lot of field experiments have been done, in this chapter only one will be pre­
sented. The reason for that is that most of the experiments are not totally worked out yet. 
The results of these test will be persented in the coming thesis next year. Presented in this 
chapter will be a comparison made between the electrospray cart and several conven­
tional spraying systems. The test was done just before the image analysis system was 
obtained, so it only gives an qualitative indication of the electrospray technique compared 
to other systems. 
The experiment was conducted using 10 different systems in bell peppers. The systems 
used are: 
1. Teejet 8002 VK nozzle 4.5 bar 
2. Teejet 8002 VK nozzle 15.0 bar 
3. TDF 80 nozzle 15.0 bar 
4. TDF 80 nozzle Sosef 15.0 bar 
5. Dl-25 swirl nozzle 10.0 bar 
6. Spray gun air assisted 3.0 bar 
7. Spray gun air assisted 8.0 bar 
8. Spray gun twin nozzle 7.5 bar 
9. Spray gun twin nozzle 16.0 bar 
10. Electrospray 30 seconds 
11. Electrospray 1 minute 
12. Electrospray 3 minutes 
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System 1-3 was a movable system, moving along the plants with a speed of approx. 3 
km/h. System 4 and 5 was used equally, but the droplets were penetrated into the 
vegetation by a fan. System 6-9 were handheld spray guns that were moved along the 
plants by a person. System 10-12 was the electrospray cart with 7 nozzles. The cart was 
placed next to a plant, which was sprayed for the times given. 
Tinopal was used as tracer material in the liquid. An evaporation stopper was added to 
the electrospray liquid, to prevent fast evaporation of the droplets. 
Leaves were randomly pick from the plants and observed with a UV lamp. The pictures 
below show typical results for the different systems used. The pictures on the left are the 
upper side of the leaves, the ones on the right side the under sides. 
Figure 27. Typical result of system 1. 
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Figure 29. Typical result of system 13. 
The most obvious results were picked out from the large amount of photographs made. It 
can be said that most system used such an amount of liquid that not only the plants were 
glowing, but also the glasshouse and the bottom. Although the electrospray system was 
not able to cover all the leaves of the plants, the deposition occured only on the plants. 
Also the deposition pattern on the leaves was very nice. An overkill of liquid makes that 
the liquid drops off the leaf, as can be seen in Figure 27. The charged droplets made by 
electrospray show a regular deposition, most likely to occur due to the mutual repulsion 
of the droplets. 
5.4 Future experiments 
Main interesting point to be figured out is the behavior of charged droplets in green­
houses, carrying a pesticide. The earlier described experiments present the building of the 
large scale set up, the analytical technique used and a glasshouse experiment. These ex­
periments have made clear that the scale up of electrosprays is not easy, but nevertheless 
show nice deposition patterns on leaves. The field experiment described in chapter 5.3 
does not show any negative aspects concerning the plants. Until now no pesticides were 
tested, so no comparison between effectivities could be made. Future experiments will 
give more insight in the effect of this spraying technique with commercially available 
pesticides. Emphasized will be the effectivity compared to other techniques, but also the 
behavior of the plants after deposition and of the pesticides while sprayed by a strong 
electric field. 
A method has to be found to get more insight in the behavior of the droplets. This means, 
measuring the droplet size and velocity as function of the distance from one nozzle to the 
plant. The method to perform these measurements is called Laser Doppler or Phase Dop­
pler Anemometry (PDPA). Recently, PART has got a PDPA set up. A set up is build at 
the moment to make the PDPA usable for those measurements. The results will be cou­
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pled to a mathematical model of the spraying system, which will include the droplet tra­
jectories, evaporation of the droplets and deposition of the droplets. 
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6 Discussion and conclusions 
In the last chapter the results so far will be discussed as well as the future work. The con­
clusions will point out the work done compared to the original proposal. 
6.1 Discussion 
The development of a large electrospray system for the use in glasshouses has been a 
hard fight. As it is impossible to scale up a single spray, scaling up can only be done us­
ing multiple nozzles. High voltage dividers and a multiple dosing system to supply the 
liquid was developed. Although this system is working well, a number between 4 and 8 
nozzles is not enough to spray in a glasshouse. Therefor, the tests done in the glasshouses 
were only done with bell pepper plants, without any real pesticides used. 
The field experiments show very nice deposition patterns on the leaves and no spreading 
of the droplets on surrounding areas. The small droplets are strongly attracted due to the 
electrical forces, moving the droplets to the leaves. 
Deposition patterns can be analysed by the image analysis system that was used. This 
system is a very powerful hard- and software system, able to count the deposition based 
on droplet size, shape or intensity. The data obtained can be used to calculate the cover­
age of the leaves. 
From an environmenal perspective until now no hard statements can be made. The pro­
posal suggest a reduction of pesticides used can be 50 to 75 %. It can be stated that these 
values are still valid. Small scale experiments show spreaded patterns of droplets on the 
leaves, while the surrounding remains unpolluted. The attraction between droplet and leaf 
is that strong that there is no way out form the droplets. Mass-fluorescence measurements 
will proof that the amount sprayed will be totally deposited on the leaves. 
During the project, regularely meetings were held. During these meeting, people from 
NOVEM, PPO and TUDelft as well as people from pesticide industry and spray devel­
opment industry attended. It can be said that the latter groups were highly interested in 
this new development, but that at the moment any investment form especially hardware 
developers is not within reach. This is mainly due to the fact that the technique presented 
is totally different from any technique developed before. From an economic perspective it 
can be seen as a high risk investment. Possibly sponsorships for further development was 
also not possible, as these companies are rather small. Therefor, PPO and TUDelft are 
willing to start a cooperation with IMAG, which is like PPO also part of Wageningen 
University and Research. As they are specialized in development spraying systems, this is 
the most proper partner for future work. 
Future work, to complete this work as a PhD-thesis, will consist mainly modeling and 
measuring small systems to get more insight in the real working principles. 
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6.2 Conclusions 
It can be concluded that the project as stated in the original proposal has changed during 
its lifetime. The regular meetings held with NOVEM, PPO, PART and people from 
glasshouse industry (see appendices) were very stimulating and full of initiatives. These 
meetings made it possible to see if the chosen direction was the right one or not. 
The development of the spraying system and finding a proper analysis technique to ob­
tain results took most of the time. This has lead to a backlog according to original pro­
gram. Most of the details mentioned in that proposal have not been done yet, but will be 
done in the fourth year of the project, which is not sponsored by NOVEM anymore. 
These results will be presented in the complete thesis next year and will be sent to NO­
VEM to complete the project. 
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